Abstract. Weather radar has become an invaluable tool for monitoring rainfall and studying its link to hydrological response.
Introduction
Today, several high-resolution radar rainfall products for use in hydrology are readily available across the globe (Huuskonen et al., 2014; Thorndahl et al., 2017) . Compared with gauges, radar provides superior spatial coverage, leading to more insight into the spatio-temporal characteristics of rain events and their link to hydrological response (Wood et al., 2000; Berne et al., 25 2004; Smith et al., 2007) . Steady improvement in radar technology over the past decades and in particular the switch from single to dual-polarization has lead to significant progress in terms of clutter suppression, hydrometeor classification and attenuation correction, greatly enhancing the accuracy and reliability of operational quantitative radar precipitation estimates Ryzhkov and Zrnic, 1998; Zrnic and Ryzhkov, 1999; Bringi and Chandrasekar, 2001; Gourley et al., 2007; Matrosov et al., 2007) . Polarimetry also fundamentally changed the way we estimate rainfall from radar measurements, with 30 traditional Z-R power law relationships being increasingly replaced by alternative methods based on differential phase shift Zrnic and Ryzhkov, 1996; Brandes et al., 2001; Matrosov et al., 2006; Otto and Russchenberg, 2011) . Despite these encouraging developments, many challenges related to the measurement of small-scale rainfall extremes responsible for urban pluvial flooding remain (Einfalt et al., 2004; Lee, 2006; Krajewski et al., 2010; Villarini and Krajewski, 2010; Berne and Krajewski, 2013) . The most important of them is that radar tends to underestimate rainfall peaks compared 35 with rain gauges. This is mainly attributed to signal attenuation and to the large differences in measurement principles and sampling volumes between radar and gauges. In some cases, the underestimation can also be related to calibration issues, range effects or saturation of the receiver channel. Wind effects and vertical variability also play an important role, further complicating the matching between radar and rain gauge data at higher resolutions (Vasiloff et al., 2009; Dai and Han, 2014 ).
The hope is that by moving to higher resolutions and taking advantage of dual-polarization, the average mismatch between 40 radar and gauges will become smaller. However, as highlighted by the studies of Krajewski and Smith (2002) and Seo et al. (2015) , this is a very delicate balance as higher resolution and more elaborate retrieval algorithms can also lead to more noise and uncertainties. As a result, accuracy strongly depends on the type of precipitation, its spatio-temporal characteristics and location with respect to the radar(s).
Since radar measurements are inherently uncertain and knowledge about microphysical processes in clouds and rain is 45 limited, post-processing plays an important role. In addition to using better hardware, many weather services now offer higherlevel composite rainfall products that combine measurements from different radar systems and have been corrected for various types of biases using rain gauges (Krajewski, 1987; Smith and Krajewski, 1991; Goudenhoofdt and Delobbe, 2009; Stevenson and Schumacher, 2014) . If done properly, this can help mitigate attenuation and reduce systematic biases due to calibration issues and natural variability of the raindrop size distribution (e.g., Collier and Knowles, 1986; Young et al., 2000; Gourley 50 et al., 2006; Overeem et al., 2009b) . The main limitation of rain gauge adjustments, however, is that they only account for average biases over relatively large spatial and temporal domains. These can be very different from local errors and may not necessarily be very representative of the peaks. Also, one has to keep in mind that rain gauge measurements themselves are prone to biases and errors, the most common of them being an underestimation of the rainfall intensity due to local wind effects around the gauge. These effects have been estimated to be in the order of 5-10% in regular rain events but can reach 25-30% 55 et al., 2010) for time scales of 15 min to 24 h. The authors concluded that radar data may be suitable to estimate local and regional extreme rainfall statistics, provided that they are carefully quality controlled and bias corrected. In the United States, Smith et al. (2012) and Wright et al. (2014) compiled a 10-year high-resolution radar rainfall dataset at 15 min and 1 km resolution based on the NEXRAD data for the Baltimore and Charlotte metropolitan areas. Their studies highlighted the value of long-term radar observations for characterizing the relationship between rainfall and hydrological response but also 70 pointed out many forms of systematic errors that persist in bias-adjusted radar products such as range-dependent and intensitydependent multiplicative biases. A few years later, Thorndahl et al. (2014b) developed a storm catalog of 50 heavy rain events as seen by WSR-88D radars in the Milwaukee area between 1996 and 2011. Their analysis covered more than 15 years but the radar data used to derive the statistics were not continuous in time.
Because of the difficulty to get long homogeneous radar archives, the studies published so far mostly focused on regional or 75 national performances. Often, the methodologies used to carry out the analyses were different, which makes it hard to compare the results. Consequently, there is a strong need for systematic, multinational assessments and comparisons of radar's ability to capture heavy rain. This paper sheds new light on this issue by providing a detailed analysis of 6 different radar products across 4 European countries (i.e., Denmark, the Netherlands, Finland and Sweden). Inspired by the approach of Thorndahl et al. (2014b) , we selected the 50 most intense events for each country over the last 10 years to study the average agreement 80 between radar and gauges as well as the discrepancies in terms of peak rainfall intensities. The study is performed within the context of the Water JPI funded project MUFFIN: Multiscale Urban Flood Forecasting which aims at better understanding the link between rainfall and urban pluvial flooding across scales. By comparing different types of radar products (C-band vs X-band, single vs dual-polarization) and analyzing error propagation across different spatial and temporal scales, important conclusions and recommendations can be drawn as to the use of radar in hydrology and flood forecasting.
Data & Methods

Event selection
Event selection was done based on rainfall time series from the national networks of automatic rain gauges in Denmark, the Netherlands, Finland and Sweden. Due to data availability and quality, only a smaller subset of all the gauges was used for analysis (i.e., 66 gauges for Denmark, 35 for the Netherlands, 64 for Finland and 10 for Sweden). Table 1 provides an overview 90 of the number of available gauges, their temporal resolutions and length of the observational records for each country. Using the selected gauges, we determined the top 50 rain events (in terms of peak intensity) for each country and observation period. Only events for which both the gauge and radar data were available simultaneously were considered. Also, we imposed the condition that two events for the same location had to be separated by a continuous dry period of at least 6 hours. To increase reliability, all events were subjected to a visual quality control test by human experts, checking both for plausibility and consistency. Cases 95 for which the gauge or radar data were incomplete, obviously wrong or strongly inconsistent with each other were removed and replaced by new events until the total number of events that passed the quality control tests reached 50 for each country.
Overall, about 10% of the originally selected events had to be removed and replaced by new ones during these quality control steps, most of them because of incomplete radar data.
The procedure used to extract the radar data was identical for all countries. First, the 4 radar pixels closest to a given rain 100 gauge were extracted. The 4 radar rainfall time series were then aggregated in time (i.e., averaged) to match the temporal sampling resolution of the rain gauge. Then, for each time step, the value among the 4 radar pixels that best matched the gauge was kept for comparison. The motivation behind this type of approach is that it can account for small differences in location and timing between radar and gauge observations due to motion, wind and vertical variability. This leads to a much more conservative approach than pixel-by-pixel comparisons in which we actively try to minimize the differences between radar and 105 gauges as much as possible. Other less favorable ways of extracting the radar data were also tested (e.g., using inverse distance weighted interpolation or the maximum value among the nearest neighbors). But these only resulted in higher discrepancies without changing the main conclusions and were subsequently abandoned. Figure 1 shows a map with the location of all rain gauges used for the final, quality-controlled rain event catalog for each country. As shown in Figure 2 , the final catalog includes a large variety of rain events, ranging from single isolated convective radar volume scans at 9 different elevation angles are projected to a pseudo-constant altitude plan position indicator (PCAPPI) at 1000 m height to generate a high-resolution gridded product with 10 min temporal resolution and 500× 500 m 2 grid spacing (Gill et al., 2006) . The temporal resolution of the PCAPPI is then enhanced to 1 min using advection interpolation (Thorndahl et al., 2014a; Nielsen et al., 2014) . Ground clutter is removed by filtering out echoes with Doppler velocity smaller than 1 ms
Rainfall rate R is estimated based on a fixed Z-R relationship given by Z = 200R 1.6 . Rain attenuation correction is estimated as
]. Rain rate values are corrected for mean field bias based on daily data from a network of 66 RIMCO tipping bucket rain gauges operated by the Water Pollution Committee of the Society of Danish Engineers (Madsen et al., 1998) . Note that the 500 m, 1 min product used in this study is not operational, but developed for research purposes for Aalborg University.
Netherlands
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The used product is a 10-year archive of 5 min precipitation depths at 1×1 km . The rainfall estimates are then adjusted for bias at hourly time scales using 35 automatic weighing rain gauges operated by KNMI. An extensive description and documentation of the radar and gauge products is available on the KNMI website. Note that the Netherlands recently upgraded their radars to dual-polarization. However, the dual-polarization rainfall estimates are not fully operational yet and all rainfall values used in this study were produced with the single-polarization algorithms. 
Finland
The Finnish radar product is an experimental product from the FMI OSAPOL-project, which differs from the operational product used by the Finnish Meteorological Institute (FMI) mainly by making a better utilization of dual-polarization and by better taking into account the measurement geometry of the 10 C-band dual-polarization Doppler radars currently available in dual-polarization radars. Since this upgrade took place progressively, the OSAPOL-product combines data from 4 up to 9 dualpolarization radars depending on the number of radars that were available each year. Erroneous echoes and non-meteorological targets are removed using four different techniques. The algorithm used for correcting the vertical profile of reflectivity (VPR) is the same as in the operational product. Rainfall intensity is estimated based on radar reflectivity Z and specific differential propagation phase shift Kdp. For heavy rain, Kdp is used while for low to moderate intensities a fixed Z-R relation given by Z 155 = 223R
1.53 (Leinonen et al., 2012 ) is used. A PCAPPI at 500 m height with 1×1 km 2 spatial and 5 min temporal resolution is produced from the VPR-corrected radar intensity estimates of 4-6 lowest elevation angles by weighting them with a Gaussian function. The OSAPOL is the only product that is not gauge-adjusted. Since the focus of this study is on heavy convective events, only the radar data between May and September were used.
Sweden
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The considered product is the so-called BRDC produced by SMHI. It is a 2×2 km, 15 min composite product of PCAPPIs sourced from 12 operational single-polarization C-band Doppler radars in Sweden (see Figure 1 in Norin et al. (2015) ) between the years 2007 and 2016. After that, the product was discontinued and replaced by the newer BALTRAD product (Michelson et al., 2018) . In the BRDC, rain rate is estimated by projecting polar reflectivity measurements at 10 different elevation angles between 0.5 and 40 degrees to a PCAPPI at 500 m height (See Section 2.2 in Norin et al. (2015) for more details). Ground and all remaining non-precipitation echoes are removed by applying a consistency filter based on satellite observations (Michelson, 2006) . The effect of topography is accounted for by applying a beam blockage correction scheme based on the method by Bech et al. (2003) . Rainfall rates on the ground are estimated through a constant Z-R relationship Z=200R 1.6 . To reduce errors and biases, a method called HIPRAD (HIgh-resolution Precipitation from gauge-adjusted weather RADar) is applied (Berg et al., 2016) . The latter was developed to 170 make radar data more suitable for hydrological modeling by removing both long-term biases and range dependent biases. Note that although several radars are available in Sweden, the system is currently set up such that each radar has a predetermined nonoverlapping measurement area. The final rainfall estimates therefore only include information from a single radar (i.e., usually the nearest one) and do not take advantage of possibly overlapping measurement areas. Such methods are being developed but
are not yet implemented operationally. 
Additional radar products
In addition to the 4 main radar products described above, two additional radar datasets were considered. The first is from a FURUNO WR-2100 polarimetric X-band Doppler research radar system located in Aalborg which scans at a fixed elevation angle of 4
• in a radius of about 40 km around Aalborg with a high spatial resolution of 100×100 m 2 and temporal sampling resolution of 1 min. Clutter is removed by applying a filter on the Doppler velocities and a spatial texture filter on reflectivity.
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Rainfall rates are estimated using a fixed Z-R relationship given by Z = 200R 1.6 . All rainfall rates are corrected for daily mean field bias using gauges using the same procedure as for the C-band data. The main issue with the X-band data is that it only covers a two-year period from 2016-2017 which strongly limits the number of heavy rain events available for the analysis. Consequently, only the 10 most intense events were considered. Despite the low sample size, the hope is that by comparing the performance of the X-band product to the C-band product, valuable insight into the benefits of high-resolution polarimetric 185 rainfall measurements in times of heavy rain can be gained.
The second additional radar product used for comparisons is an international composite derived from the BALTRAD collaboration (Michelson et al., 2018) . The version used in this paper is the "tas BALTRAD" and it is essentially identical to the BRDC product used in Sweden except that it does not include the HIPRAD adjustments. Bias correction is done by taking each 15-min time step and scaling it with the ratio of 30-day aggregation of gauge and radar accumulations. The HIPRAD 190 also covers a much larger area than the BRDC product. This extended coverage is made possible thanks to the automatic radar data exchange between neighboring countries around the Baltic sea (i.e., Norway, Finland, Estonia, Latvia and Denmark). The high data availability means that BALTRAD is suitable for evaluation and comparisons of all rain events studied in this paper except the ones that occurred over the Netherlands (which are currently not part of BALTRAD). Nevertheless, by analyzing and comparing the BALTRAD for the 50 top events in Denmark, Sweden and Finland, important conclusions about the advantages 195 and limitations of tailored high-resolution national radar products can be made.
Performance metrics
Since radar and gauges measure rainfall at different scales based on different measuring principles, one does not expect a perfect agreement between the two. Gauges are more representative of point rainfall measurements on the ground while radar provides volume-averages at several hundreds of meters above the ground. In addition, each sensor has its own measurement 200 uncertainty and limitations in times of heavy rain. For example, gauges are known to underestimate rainfall rates in conditions of high winds (e.g., Sieck et al., 2007; Goudenhoofdt et al., 2017; Pollock et al., 2018) which is common during thunderstorms while radar is known to suffer from signal attenuation, non-uniform beam filling, clutter, hail contamination and overshooting (Krajewski et al., 2010; Villarini and Krajewski, 2010; Berne and Krajewski, 2013) . The main goal here is not to make a statement about which measurement is closer to the truth but to quantify the average discrepancies between the gauge and 205 radar measurements as a function of the event, time scale, intensity and radar product. Such information can be used as a benchmark against which further developments in radar products can be assessed or as a very simple way to study the effect of rainfall measurement uncertainty on error propagation in hydrological models.
To assess performance, the average discrepancies between radar and gauges were quantified by calculating standard error metrics such as the linear correlation coefficient (CC) and relative root mean square error (RRMSE): In addition to the CC and RRMSE, we also consider the multiplicative bias (MB) between the gauge and radar measurements.
By convention, the multiplicative bias is calculated by taking the gauge measurements
) as a reference value:
where ε i are random errors drawn from a continuous and positive probability distribution (e.g., a log-normal) with median 1 220 (Smith and Krajewski, 1991) . In the equation above, a value of MB> 1 means that the rain gauges tend to give larger rainfall rates than the radar, which is generally the case for heavy rain events. Previous studies have shown that the multiplicative bias model in Equation (3) provides a better, physically more plausible representation of the error structure between in-situ and remotely-sensed rainfall observations than a the additive bias model commonly used in statistics (e.g., Tian et al., 2013) .
In this paper, the multiplicative bias is estimated through the so-called G/R method, that is, by taking the mean rainfall value 225 measured by the gauges over an event divided by the mean rainfall value of the radar (Yoo et al., 2014) . Other more elaborate estimators (e.g., least squares and maximum likelihood) have been proposed depending on the distribution of ε i but the G/R ratio has the advantage of providing estimates that are directly related to total rainfall amounts and do not depend on the temporal aggregation scale. This may not necessarily be the optimal way to estimate the multiplicative bias but considerably simplifies the analyses by making it easier to compare values from one country to another, independently of the spatial and 230 temporal resolution of the radar products.
To express the multiplicative bias in terms of a relative error rel (in percentage relative to the values recorded by the gauge), the following formula is used:
where E denotes the expectation and by definition the median of ε i is assumed to be equal to 1.
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While standard error metrics like RRMSE, CC and MB provide an important overview of the average error, they may not necessarily be representative of what happens during the most intense parts of a storm. Therefore the second part of the analyses focuses on assessing the peak rainfall intensity bias (PIB) between radar and gauges. The PIB is defined as:
where Y max (∆t) and X max (∆t) denote the maximum rain rate values recorded by the gauges and radar at temporal aggregation 240 time scale ∆t. The PIB values are computed on an event-by-event basis, by aggregating the radar and gauge data to a fixed temporal resolution ∆t (using overlapping time windows) and extracting the maximum rain rate over the event at this scale.
Note that this is done independently for the gauges and the radar time series, which means that the maximum values may not necessarily correspond to the same time interval. The advantage of this is that it leads to more reliable and robust PIB estimates at high resolutions where statistics would otherwise be strongly sensitive to small timing issues between radar and 245 gauge observations. Figure 4 shows the time series of rainfall intensities at the highest available temporal resolution for the top event in each country. The time series reveal a strong, consistent pattern of underestimation by the radar compared with the gauge values.
Results
Agreement during the most intense events
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The multiplicative biases corresponding to these 4 events are 1.66, 1.37, 1.55 and 1.69 for Denmark, the Netherlands, Finland, and Sweden, respectively. In other words, according to equation (4) radar only recorded 12.1 mm, underestimating the 15-min peak rainfall intensity by a factor of more than 3. Clearly, the error structure between radar and gauges appears to be time dependent, with increasing discrepancies as we move towards higher intensities. The relatively large peak intensity biases of 2.17, 2.09, 1.98 and 1.73 for Denmark, Finland, the Netherlands and Sweden respectively confirm this hypothesis. During the most intense parts of the storms, radar underestimates by 42-54% compared with the gauges (i.e., about 10-15% more than suggested by the average multiplicative bias). 
Overall agreement between radar and gauges
In the following, the overall agreement between radar and gauges for all 50 top events is analyzed. Figure 5 shows the radar rainfall intensities versus the gauge estimates at the highest available temporal resolution for each country (e.g., 5 min for Denmark, 10 min for the Netherlands and Finland and 15 min for Sweden). Each dot in this figure represents a radar-gauge pair and all 50 events have been combined together into the same graph.
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The large scatter and relatively large RRMSE values of 116.4% to 139.1% highlight the strong disagreements between radar and gauge estimates at these scales. This is normal and can be explained by the fact that radar and gauges do not measure at the same height and over the same volume. It is important to note also that the gauge integrates precipitation over time whereas radar takes snapshots. Wind effects, changing microphysics and sampling uncertainties therefore also play an important role at such small scales. Despite the large scatter, linear correlation coefficients are relatively high (i.e., 0. noise and scatter that is present at the higher resolutions, providing a much clearer overview of the systematic bias affecting radar estimates. However, values are strongly dependent on the event duration and the measurement frequency of the radar. Figure 6 shows that when data are aggregated to the event scale, the agreement between radar and gauges tends to improve, as confirmed by the lower relative root mean square errors of 39.4-47.7% and the higher correlation coefficients of 0.86-0.92.
The multiplicative bias values, however, remain the same due to the way they were estimated through the G/R ratio (see
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Section 2.3). The good agreement at the event scale is clearly encouraging but must be interpreted carefully as improvements are mostly due to the inclusion of many lower intensity rainfall periods during which radar and gauges are in relatively good agreement with each other. The latter make up a significant part of an event but may not necessarily be representative of the differences observed in periods of high intensities.
Based on Figures 5 and 6, one could conclude that the Dutch C-band radar product appears to have the best overall agree-290 ment with the gauges among all countries, followed by Finland, Denmark and Sweden. However, such direct comparisons would not really be fair, as one also needs to take into account the differences in spatial and temporal resolutions between the radar products. To better separate the two, empirically derived areal-reduction factors (ARFs) proposed by Thorndahl et al. (2019) were used to estimate the theoretical bias between a point measurement and an areal-average from radar (i.e., using Equation ( respectively. One possible explanation for this could be that the Finnish and Dutch products combine data from multiple radars to produce the final rainfall estimates (which helps mitigate attenuation and overshooting), whereas the Danish product only considers the measurement from a single radar. Other small differences in the bias-correction schemes and the density of the rain gauge networks used to adjust the radar could also play a role here. Another, simpler explanation could be that the bias 310 increases with the intensity of the rain events, potentially masking the benefits of a higher spatial and temporal resolution. This is a rather important issue to consider when making comparisons between countries given that not all rain events in the database are of the same magnitude. For example, the Danish database contains events that are significantly more intense compared with the Netherlands, Finland and Sweden (see Figure 7) . Also, the longest event in the Danish database only lasted 4 hours, which is significantly less than for the other countries.
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A deeper analysis of this issue confirms that on average, higher rainfall intensities appear to be linked with slightly larger multiplicative biases. However, the link between the bias and the average intensity remains rather weak, with rank correlation values of 0.33 in the Netherlands, 0.30 in Denmark, 0.04 in Finland and 0.19 in Sweden. Still, there appears to be a strong contrast between the average discrepancies between radar and gauges at the event scale, as shown in Figure 7 (a), and the large mismatches in terms of peak rainfall intensities in Figure 7 (b). In most cases, the highest intensities measured by the radar over 320 the top 50 events barely match the lowest peak intensities measured by the gauges. The bias therefore appears to be largely influenced by event duration and the presence of lower rainfall intensities for which radar and gauges tend to be in better agreement than during the peaks.
Before diving deeper into the analysis of the peak rainfall intensities, we finish this sub-section by taking a closer look at the overall agreement between radar and gauges as a function of the temporal aggregation time scale. Figure 8 shows the relative 325 root mean square error and correlation coefficient of radar versus gauge measurements for different aggregation time scales up to 2 hours. It shows a strong link between the spatial and temporal resolution of the radar data and its overall agreement with the gauges. When displayed at a similar temporal resolution, the Danish radar product clearly exhibits the lowest relative errors and highest correlation coefficients. It is followed by the Dutch and Finnish products (1 km) which have similar performance overall (e.g., the Finnish product has slightly higher correlation values but the Dutch has slightly lower RRMSE). The Swedish 330 product, which has the lowest spatial resolution (i.e., 2 km) clearly exhibits the lowest agreement with the gauges. These results are not really surprising, only confirming that on average, a higher spatial and temporal resolution in the radar leads to a better agreement between radar and gauges (i.e., a better representativity of point measurements with respect to an areal-average).
Still, the fact that the Dutch radar product (which has been bias-adjusted using gauges) performs very similarly to the Finnish OSAPOL product (which has not been bias-corrected) is interesting. One possible reason for this could be that the Finnish 335 product makes use of polarimetry and phase information (e.g., Kdp) to estimate rainfall intensity in times of heavy rain as opposed to reflectivity alone. However, this remains highly speculative at this point as the statistics shown here were calculated over different events and radar configurations. Furthermore, the quality and density of the gauge networks used to perform bias adjustment in the Netherlands also plays an important role.
Agreement during the peaks
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While the previous section heavily focused on the overall agreement between radar and gauges, this section takes a closer look at the peaks. Figure 9 shows the underestimation of peak rainfall intensity between radar and gauges as a function of aggregation time scale for each country. The dashed horizontal lines denote the average underestimation in each country, corresponding to the multiplicative bias in Figures 5 and 6 . The data can be divided in two groups depending on the magnitude of the underestimation. The first group (i.e., Netherlands and Finland) is characterized by a median underestimation of peak 345 rainfall intensity (at 10 min scale) of 47.1% and 45.9% respectively, only slightly exceeding the overall bias by 16.8% and 11.2% respectively. Moreover, the bias affecting the peak intensity rapidly decreases with aggregation time scale, converging to the overall bias previously calculated for all 50 events. The hourly mean field bias correction in the Dutch product does not appear to provide a big advantage in terms of peak intensities, which could be expected given that gauge adjustments are applied at a lower resolution and do not specifically target peak intensities. Also, note how in the Finnish product, rainfall 350 peaks tend to be underestimated only slightly more (i.e., +11.2%) than the average. They also appear to converge faster to the average MB value than in the Dutch product. This is interesting and could point to the benefits of polarimetry. But there are many other factors to consider and more analyses are necessary to formally test this hypothesis.
We now turn to the second group of radar products (i.e., Denmark and Sweden) which is characterized by larger biases during the peaks. For Denmark, the median underestimation of the radar compared with the gauges is 66.2% (+29.1% with respect to 355 the average MB). For Sweden, the median value is 54.9% (+15.1% with respect to the MB). The main difference compared with group 1 is that the bias affecting the peaks remains well above the average multiplicative bias across all aggregation time scales. The results for the Danish radar product are particularly interesting. According to our previous analyses, this product has the best overall agreement with gauges in terms of RRMSE and CC, mostly thanks to its high spatial and temporal resolution. It is therefore surprising to see that it contains such strong discrepancies in terms of peak intensities. Even the
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Swedish product, with its lower spatial and temporal resolution of 2 km and 15 min, shows a better agreement during the peaks. A possible explanation for this surprising result could be that the rain events in the Danish database are more intense and shorter than in the other countries. However, a closer analysis reveals a rank correlation coefficient between the PIB and peak intensity of only 0.20. Therefore, intensity is likely not the dominant factor at play here. Another explanation could be that bias-adjustment in the Danish radar product is performed on the basis of daily rainfall accumulations, which tends to 365 smooth out peaks. Thorndahl et al. (2014a) showed that switching from daily to hourly mean field bias adjustments can slightly improve peak rainfall estimates but pointed out that hourly bias corrections tend to be problematic in times of low rain rates due to the small number of tips in the gauges. Therefore, in order to make a generally applicable adjustment that works for all rain conditions, the authors argued that it was better to use daily adjustments.
Finally, note that an alternative explanation for the higher peak intensity bias values in group 2 could be that Denmark and
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Sweden currently do not take advantage of multiple overlapping radar measurements during the rainfall estimation process. By contrast, the Dutch and Finnish radar products in group 1 are "true composites" that perform a weighted average of overlapping radar measurements depending on the quality of the measurement and the distance between the radar and the target. This could explain why the bias in peak rainfall intensity is only slightly larger than the overall average. It also suggests that the ability to combine measurements from multiple radars and viewpoints appears to play a crucial role in times of heavy rain, perhaps even 375 more than spatial resolution.
Sensitivity to temporal aggregation time scale
Another equally interesting result of this study concerns the fact that biases in peak rainfall intensities do not necessarily become smaller when moving to a coarser scale. Sweden, where the peak intensity bias starts at 42.2% at 15 min, decreases to 40.1% at 30 min and increases again to 42.9%
at 45 min. In this case, there is only one single rainfall peak. However, Figure 4 clearly shows 3 consecutive time steps during which the radar underestimates the rainfall rate. Together, these two examples for Denmark and Sweden show that even though globally speaking, the peak intensity bias between radar and gauges converges to the average multiplicative bias when data are aggregated over longer time periods, this might not always be the case locally and does not necessarily apply to all events.
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The notion that multiplicative biases between radar and gauges can amplify when data are aggregated to coarser time scales is not new in itself but has important consequences for the representation of peak rainfall intensities in hydrological models as it affects the choice of the optimal spatial and temporal resolution at which models should be run when making flood
predictions. An important finding of our study is that single-radar products are more vulnerable to error amplification due to the strong autocorrelation of the observation errors associated with using a single radar system. This can be verified by 400 identifying, for each event, the time scale at which peak intensity bias was maximum, as shown in Figure 11 . We see that out of the top 50 events in Denmark, 21 had maximum peak intensity bias at a scale larger than that of the highest available temporal resolution. Similarly, for the Swedish radar product, 26/50 cases of locally amplifying peak intensity biases could be identified. By contrast, the composite radar products in Finland and the Netherlands only contained 14 and 8 such events, respectively. A deeper analysis reveals that most of the identified cases consist of two or more rainfall peaks separated by 10-405 30 min, with rapidly fluctuating rainfall intensities between them (i.e., high intermittency). Alternatively, events consisting of one single rainfall peak during which radar was strongly underestimating for two or more time steps in a row are also possible.
Most of the time, due to the limited temporal autocorrelation in heavy rain, the time scale of maximum peak intensity bias was limited to 30 minutes or less. However, there were also a few special unexplained cases in which peak intensity biases reached a maximum at time scales above 1-2 hours. (116-139%). The statistics for the X-band must be interpreted very carefully as only 10 events over 2 years were considered for the analyses (see Table A5 for more details). Still, the top right panel of Figure 12 shows that the peak intensities during these 10 events (i.e., 70-95 mmh
) were in the same order of magnitude than for the top 50 events in the Netherlands, Finland and Sweden (see Figure 7) . The total accumulated rainfall amounts per event (i.e., 10-30 mm) were lower though, suggesting that the events sampled by the X-band system were rather short and localized.
Clearly, the high resolution of the X-band radar and the dual-polarization capabilities seem to improve the overall agreement between the radar and the gauges. Nevertheless, the bias affecting the peaks remains high. The median underestimation of peak rainfall intensity at 5 min was approximately 40%, which is slightly better than for the C-band products in the Netherlands and Finland and significantly better than for the C-band radar in Copenhagen. Still, the peaks appear to be affected by a bias that is more than twice as large as the average multiplicative bias, pointing to serious issues in times of heavy rain. This is consistent 425 with our previous findings and suggests that resolution and polarimetry alone are not sufficient to accurately capture the peaks.
Based on the analysis of the C-band products, one way to further reduce these biases during the peaks would be to use 2 or more overlapping X-band systems. The spatial resolutions, however, remain unchanged. Looking at the RRMSE, we see that the Finnish and Swedish products agree slightly better with the gauges than BALTRAD (-4.12% and -4.52% respectively) while the Danish agrees slightly worse (+2.47%). There are many possible explanations for these differences and each case needs to be analyzed separately. For Sweden, the interpretation is rather easy: the only major difference between the Swedish BRDC product and the BALTRAD 435 lies in the additional bias-correction scheme implemented in HIPRAD. Otherwise, everything is identical. Thus we can say with high confidence that the reduction in RRMSE between BALTRAD and BRDC is likely due to the use of the bias-adjustment scheme. This, however, does not appear to improve significantly the bias affecting the peak rainfall intensities, as shown by the boxplots in the lower panel of Figure 13 . The Finnish product shows similar improvements in RRMSE compared with the BALTRAD as well as a slightly lower spread in terms of peak intensity bias. However, since the Finnish OSAPOL product is 440 not bias adjusted, other factors must be at play here. One of them could be the higher spatial resolution of the OSAPOL product compared with the BALTRAD. The other could be linked to the way rainfall rates are estimated, using polarimetry and phase information. And while it is impossible to say for sure which aspect contributed the most here, given our previous findings, we can say that differences are most likely due to the higher spatial resolution.
Finally, we turn our attention to Denmark. Results are more interesting there. We can see that the BALTRAD composite 445 appears to agree slightly better with the rain gauges than the Danish C-band product. This is rather surprising given that the Danish product has the highest spatial resolution (500 m) of all 4 C-band products, making it the product with the lowest overall RRMSE and highest CC among all 4 considered C-band radar products. Still, the BALTRAD clearly agrees better with the gauges, improving the RRMSE by 2.47% and reducing the median peak intensity bias by 10.9 percentage points from 61.7% to 50.8%. The only negative aspect of the BALTRAD is its slightly higher spread in terms of peak rainfall intensity 450 and reduce measurement uncertainties. Still, even a simple multi-radar setup already appears to provide a clear advantage, highlighting the importance of designing robust and reliable algorithms for combining overlapping radar measurements in space and time. This is a research area that has been receiving more attention during the last decades but surprisingly, has not yet been implemented operationally in many countries.
Conclusions
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Rain rate estimates from 6 different radar products in 4 countries (Denmark, Finland, the Netherlands and Sweden) have been analyzed. Special emphasis has been put on quantifying discrepancies between radar and gauges in times of heavy rain, focusing on the top 50 most intense events per country. A relatively good agreement was found in terms of temporal structure (correlation coefficient between 0.7-0.8). However, due to the large differences in sampling volume between gauges and radar, relative root mean square errors remained high (120-150% at 5-15 min). A substantial part of the discrepancies could be 465 attributed to differences in spatial measurement support through the use of areal-reduction factors. The rest was attributed to systematic underestimation of rainfall rates by radar compared with the gauges. Together, the average underestimation reached 37.1% for Denmark, 29.1% for the Netherlands, 35.8% for Finland and 39.8% for Sweden. Furthermore, the underestimation has been shown to increase with intensity, reaching on average 45.9% to 66.2% at the time of the peak. Bias correction using surrounding rain gauges did not appear to have a big impact on peak intensity bias.
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On average, the radar products with higher spatial resolutions were in better agreement with the gauges, thereby confirming the importance of high-resolution radar observations in hydrological studies. The X-band data for Denmark showed very promising results, outperforming all other products in terms of accuracy and correlation. However, this last result must be interpreted very carefully as only 10 events over 2 years were considered for the X-band radar analysis. Polarimetry also seemed to provide a slight advantage in times of heavy rain. However, due to the many confounding factors, it is hard to 475 precisely quantify its added-value within the framework of this study. What we can say with high confidence is that dualpolarization and higher resolution alone are not sufficient to get reliable estimates of peak rainfall intensities. Other factors such as the ability to combine data from multiple radars and viewpoints seem to play a much more important role, as demonstrated by the superior performance of the Dutch and Finnish C-band products (despite their slightly lower resolution). By contrast, the single-radar C-band product in Denmark, which had the highest spatial resolution (i.e., 500 m) and lowest overall RRMSE,
480
did not perform well on the peaks at all, exhibiting the highest peak intensity biases of all 6 products. Even the lower resolution BALTRAD composite (2 km, 15 min) over Denmark performed better.
Another important finding of this paper was that the largest bias between radar and gauges in terms of peak intensities does not necessarily occur at the highest temporal sampling resolution. Depending on the autocorrelation structure of the errors, multiplicative biases may amplify over time instead of converging to the mean value. This mostly happens at the sub-hourly 485 time scales and roughly affects 40-50% of all events in single-radar products and 15-30% in composite products. Most of these cases were characterized by a succession of multiple rainfall peaks or alternatively, one very intense peak of 15-30 min during which radar strongly underestimated the intensity for 2 or more consecutive time steps. The strong dependence of the error structure on the underlying aggregation time scale has already been pointed out in the past, but still represents a major challenge in terms of how to correctly represent rainfall extremes and rainfall measurement uncertainties in hydrological models.
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Finally, like with any statistical analysis, there are a few important limitations in the methodology that need to be mentioned.
The first is that all performance metrics provided in this paper are based on the assumption that rain gauges constitute a reliable reference for assessing the radar estimates. In reality, gauges also suffer from measurement uncertainties and errors, the most common being an underestimation of rainfall rates in times of heavy precipitation due to calibration issues and wind effects.
Therefore, actual biases and errors might be even larger than suggested by the analyses. No attempt has been made to correct 495 for these additional biases nor to distinguish between gauge and radar-induced errors. Instead, only the differences between the two measurements have been analyzed. This was done with the goal to analyze and compare different radar products without making any statement about which one of the two is closer to the "truth". The second limitation of this study is that differences between gauges and radar likely depend on gauge location and distance from the radar. Such subtle effects could not be documented here as the number of events was too low and most gauges were only used for a single event (see Table 1 ). The 500 last limitation worth mentioning is the lack of a common denominator for comparing the individual radar products. Because all 6 radar products were different from each other, and events of different duration and intensities were considered, we were not able to precisely quantify the individual merits of high-resolution, polarimetry, compositing and bias adjustments. Future studies involving a larger number of products and different levels of processing (e.g., by switching on/off individual correction schemes) for identical radar systems would help to get a more detailed view into the strengths and weaknesses of individual 505 techniques. Future work will focus on these issues to help national agencies monitor and improve the performance of their precipitation products and make good strategic choices when upgrading their systems. 
